The influences of steady aerodynamic loads on hunting stability of high-speed railway vehicles were investigated in this study. A mechanism is suggested to explain the change of hunting behavior due to actions of aerodynamic loads: the aerodynamic loads can change the position of vehicle system (consequently the contact relations), the wheel/rail normal contact forces, the gravitational restoring forces/moments and the creep forces/moments. A mathematical model for hunting stability incorporating such influences was developed. A computer program capable of incorporating the effects of aerodynamic loads based on the model was written, and the critical speeds were calculated using this program. The dependences of linear and nonlinear critical speeds on suspension parameters considering aerodynamic loads were analyzed by using the orthogonal test method, the results were also compared with the situations without aerodynamic loads. It is shown that the most dominant factors affecting linear and nonlinear critical speeds are different whether the aerodynamic loads considered or not. The damping of yaw damper is the most dominant influencing factor for linear critical speeds, while the damping of lateral damper is most dominant for nonlinear ones. When the influences of aerodynamic loads are considered, the linear critical speeds decrease with the rise of cross wind velocity, whereas it is not the case for the nonlinear critical speeds. The variation trends of critical speeds with suspension parameters can be significantly changed by aerodynamic loads. Combined actions of aerodynamic loads and suspension parameters also affect the critical speeds. The effects of such joint action are more obvious for nonlinear critical speeds.
Introduction
Hunting of railway vehicles is a typical kind of self-excited oscillation. The critical speed at which railway vehicles experience violent oscillations is a crucial criterion for safety design, because in such circumstances the oscillations may damage wheels and tracks, or even cause derailment. Hunting stability is hence an important problem for running dynamics of railway vehicles. The railway vehicle system can be described as a mechanical dissipative multi-body system which is fundamentally nonlinear. The nonlinear factors include nonlinear wheel/rail geometric constraints (wheel/rail contact nonlinearity), nonlinear creep force and nonlinear suspension system etc. Although the dynamical system of railway vehicles is actually nonlinear, a linear system (as a special case of the nonlinear one) can be obtained by using linearization and simplifying assumptions. The studies on hunting stability can consequently be roughly classified into two categories: linear stability and nonlinear stability.
Many works have been conducted in the area of linear hunting stability of railway vehicle. Kim et al. [1] and Cheng et al. [2] [3] [4] studied the linear stability characters of railway vehicle, and analyzed the influence of suspension parameters on linear critical speed. Hirotsu et al. [5] analyzed the influence of yaw damper, primary suspension stiffness and conicity of wheel tread on linear critical speed. Cheng et al. [6] [7] [8] and Liu et al. [9] evaluated the linear critical speed of railway vehicle on a curved track, then investigated the influence of suspension parameters, curve radius and other factors on the linear critical speed. Wang and Liao [10] studied the advantage of a mechanical structure to lateral stability according to this method. Dukkipati and Narayana Swamy [11, 12] studied the lateral stability of unconventional rail trucks, and investigated the compatibility of stability and curve performance.
However, for a nonlinear vehicle system, hunting motion may occur below the linear critical speed [13, 14] . True [15] defined the nonlinear critical speed v c in such a way that it is theoretically guaranteed that no hunting motion can take place at speeds below the speed v c . He thought the nonlinear critical speed should be taken as the criterion of the limited speed.
The nonlinear hunting stability is one of the key problems in railway vehicle dynamics. There have been many studies on this subject. True et al. [16, 17] described the basic theory about bifurcation analysis of nonlinear vehicle system. He pointed out the right way for determining the nonlinear critical speed is to find the smallest bifurcation point by the path-following method. Hirotsu et al. [5] calculated the limit cycles varying with vehicle speed, and showed the difference between the case with yaw damper and the case without yaw damper. True et al. [18, 19] studied the chaos and asymmetry hunting in railway vehicle dynamics. Stichel [20] also studied the phenomenon of chaos. In addition, True and Jensen [21] presented bifurcation diagrams and investigate the dynamics of bogie model with realistic wheel and rail profiles. They found speed ranges with asymptotically stable forward motion along the track centre line, coexisting attractors, symmetric and asymmetric oscillations and chaos. Kim and Seok [22] performed a bifurcation analysis on a nonlinear railway vehicle having dual-bogies to examine the coupling effect of the bogies on the vehicle's hunting behavior. Polach and Kaiser [23] analyzed the hunting behavior of vehicle system using two different methods: path-following method and brute-force method. The results using these two methods are compared. The investigation shows that the path-following method can not handle the quasi-periodic motions, and the brute-force method allows an assessment of an unstable attractor. Di Gialleonardo, Braghin and Bruni [24] investigated the influence of different rail models (rigid model, simplified sectional model and Finite element model) on bifurcation diagram. Zeng [25] and Dong et al. [26] obtained the bifurcation diagrams of vehicle system by the shooting method. Dong et al. [26] performed a widely analysis on bifurcation characteristic of the CRH vehicles. The studies mentioned above are connected with a vehicle running along a straight track. In fact, the constraint of curved track makes the creep relationship and equilibrium position changed a lot, which makes the hunting stability on a curved track different from that on a straight track. Zboinski and Dusza [27] [28] [29] [30] obtained the bifurcation diagrams, and conducted a lot of studies on the nonlinear stability of railway vehicle running on a curved track. Zeng and Wu [31] studied the critical speed at the hopf bifurcation point on circular curved track. The influences of track curve radius and super elevation on nonlinear critical speed were investigated.
In recent years, with the needs for fast and comfortable travel, the convenient high-speed railway train is more and more popular. With the rapid development of highspeed railway, the running speed of trains becomes faster and faster. The maximum running speed of trains being in service continuously sets new record. The Chinese CRH380A set the record of 486.1 km/h in December 3, 2010. Besides the notable increase of the top speed, the sustainable operation speed is also continually boosted. For example, the commercial speed of Chinese CRH trains running on BeijingShanghai high-speed railway can keep a constant operating speed of 350 km/h for long time. Because aerodynamic loads is proportional to the square of speed, the aerodynamic loads due to reverse air flow and cross wind for high-speed situation are much larger than that for low speed, so the effects of aerodynamic loads have to be considered. There have been some investigations on aerodynamic actions on railway vehcile in some respects [32] [33] [34] [35] [36] [37] [38] [39] [40] . These works, however, mostly concerned with seeking characteristics of flow fields or analyzing the forced vibration of vehicle by considering aerodynamic loads as external excitations. It seems that there are few works on the hunting stability of railway vehicles considering the effects of aerodynamic loads. The hunting motion of railway vehicles is a problem of self-excited vibration, whose mechanical mechanism is different from forced vibration. The results for forced vibration analysis can hardly be used to illustrate the characteristics of the selfexcited vibration. Zeng and Lai [41] have studied the linear hunting stability and calculated the linear critical speed considering the influences of aerodynamic loads. The nonlinear critical speed, however, was not investigated there.
Therefore, the hunting stability study of high-speed railway vehicle considering the influences of aerodynamic loads is still a problem deserving further investigations, even for the situation of running in open air. For dynamical system of railway vehicles, the suspension is a very important subsystem affecting critical speed, and the dependence of critical speed on suspension parameters is an important problem worthy of study. Although there were some investigations for the situation without aerodynamic loads, there are hardly any studies on this problem incorporating the influences of aerodynamic loads.
The dependence of linear and nonlinear critical speed on suspension parameter, incorporating the influences of aerodynamic loads, was investigated in this study. The variation trends of critical speed versus suspension parameters were obtained; the dominant suspension parameters were identified. There are many suspension parameters affecting linear and nonlinear critical speeds, so it becomes a problem of multi-factorial experiment. In order to investigate quickly and effectively the variation trends of critical speed versus
